called the collophore. The vesicles can be protruded out of the collophore and 23 several lines of evidence indicate that they have a vital function in water uptake 24 and ion balance. However, the amount of water absorbed by the vesicles and 25 which other ions apart from sodium are transported remain unknown. Using 26
Orchesella cincta as a model, we developed protocols for two assays that enabled 27 us to study water and ion movement across the eversible vesicles in whole living 28 springtails. Using an inverse Ramsay assay we demonstrate that the eversible 29 vesicles absorb water from a droplet applied onto their surface. Using the 30 scanning ion-selective electrode technique (SIET) we show that the vesicles 31 absorb Na + and Clfrom the bathing medium, secrete NH4 + , and both absorb and 32 secrete K + , H + is secreted at a low level in the anterior part and absorbed at the 33 posterior. We did not detect transport of Ca 2+ at significant levels. The highest 34 flux was the absorption of Cl -, and the magnitude of ion fluxes were significantly 35 lower in fully hydrated springtails. Our data demonstrate that the eversible 36 vesicles are a transporting epithelium functioning in osmo-and ionoregulation, 37 nitrogenous waste excretion and likely acid-base balance. 38 INTRODUCTION 39 40 Springtails (Collembola) are a basal lineage of Hexapoda, which is a group of 41 terrestrial arthropods that also includes the insects (Hopkin, 1997; Misof et al., 42 2014) . The springtails are more primitive than the insects as they lack some of 43 the advanced adaptations to terrestriality, including the Malpighian tubules for 44 excretion and ion balance. Besides being important for understanding insect 45 evolution, springtails also play a key role in the soil and stand as a model for 46 ecotoxicology (Faddeeva-Vakhrusheva et al., 2016). Despite their importance, 47 many basic aspects of springtail physiology remain unknown. 48
49
The hallmark of larval and adult springtails is the collophore (ventral tube) 50 (Hoffmann, 1905; Imms, 1906 ), a tube-like structure in the centre of the ventral 51 side of the first abdominal segment. The collophore originates from a pair of 52 limbs that fuse together during embryogenesis (Imms, 1906; Uemiya and Ando, 53 1987; Konopova and Akam, 2014). The terminal part of the collophore is formed 54 by the eversible vesicles, which are a special transporting epithelium. The 55 vesicles are normally closed inside the tube, but can be everted by haemolymph 56 pressure and retracted by muscles located inside the collophore (Eisenbeis, 57 1976) . 58 59 Although the collophore is important for the springtails, its relevance to 60 physiological processes of the animal remains unclear (Konopova and Akam, 61 4 passes through the vesicles has been demonstrated by using vital dyes as 72 indicators (Nutman, 1941) . In the 1980s Eisenbeis and colleagues developed an 73 assay that enabled estimation of the amount of water that is absorbed (Eisenbeis, 74 1982; Jaeger and Eisenbeis, 1984) . Dehydrated springtails were allowed to walk 75 on a wet filter paper and observed as they everted the vesicles. The rate at which 76 water was taken up was calculated from the increase in animal weight after the 77 experiment. These studies provided important evidence that the eversible 78 vesicles are highly efficient in water uptake. Nevertheless, uptake by other 79 means, such as the integument or mouth could not be easily controlled for in this 80 assay. Thus, the evidence that significant amounts of water are taken up 81 specifically by the eversible vesicles is still lacking. 82
83
Despite numerous clues that the eversible vesicles are ion-transporting organs, 84 only the uptake of radioactively labeled sodium has been shown (Noble-Nesbitt 85 1963 First, to establish a method for quantification of fluid transport specifically by the 93 eversible vesicles. Second, to develop a protocol for electrophysiological 94 measurement of ion transport across the eversible vesicles of Orchesella and to 95 examine whether transport of selected ions by the vesicles indicates a role in 96 osmo-and iono-regulation (Na + , K + , Cl -, Ca 2+ ), nitrogenous waste excretion (NH4 + ) 97 and acid-base balance (H + ). 98
99
To quantitatively measure uptake of water by the eversible vesicles we adapted 100 the classical Ramsay assay, which was developed for secretion of fluids by the 101 insect Malpighian tubules (Ramsay, 1954) . The original assay uses dissected 102 tubules immersed in saline under paraffin oil and the rate of fluid secretion is 103 calculated from the increasing size of a droplet secreted by the tubule. We show 104 5 that an inverse Ramsay assay can be used for whole living Orchesella, in which 105 changes in the size of a droplet in contact with the eversible vesicles are 106 measured. Next, we present measurement of ion fluxes across the eversible 107 vesicles using the scanning ion-selective electrode technique (SIET). We chose 108 SIET because it enabled us to record ion transport rates in whole living 109 springtails and on several different locations on the body in a single preparation. 110 SIET uses ion-selective microelectrodes to measure ion concentrations in the 111 measuring medium of the unstirred layer directly adjacent to the transporting 112 cells and then further away (Piñeros et al., 1998; O'Donnell, 2009 Adult springtails were briefly anesthetized with CO2 and using forceps immersed 134 into heavy paraffin oil (Caledon Laboratory Chemicals, Georgetown, Canada) in a 135 Sylgard coated dish. They were restrained between minutien pins to keep them 136 in place and to isolate the collophore from moving appendages. Care was taken 137 so that the integrity of the integument remained intact without haemolymph 138 leaks. The collophore was brought into contact with a droplet of fluid whose 139 composition mimicked ground water (modeled after Schouten and van der 140 Brugge, 1989) (in mmol l -1 ): 0.1 KCl, 0.2 NaCl, 0.3 NH4Cl, 0.17 CaCl2, 0.15 MgSO4, 141 1.7 KNO3, 1 HEPES, pH=6.0). The diameter (d) of the 1 µl droplet that was 142 pipetted onto the everted vesicles (experiment) or freely into the oil (control) 143 was measured at 800x magnification using a calibrated ocular micrometer. The 144 absorption rate (AR, nl min -1 ) by the vesicles was calculated from the change in 145 droplet volume (4/3πr 3 , where r is the droplet radius) over 30 minutes. To be 146 expressed per absorptive area, the value was divided by the absorptive area of 147 the vesicles (0.110 mm -2 ), which was determined for Orchesella previously 148 (Eisenbeis, 1982) . where JI is the net flux of the ion in pmol cm -2 s -1 ; DI is the diffusion coefficient of 174 the ion (1.55×10 -5 cm 2 s -1 for Na + and Cl -; 1.92×10 -5 cm 2 s -1 for K + ; 1.19×10 -5 cm 2 175 s -1 for Ca 2+ , 9.4×10 -5 cm 2 s -1 for H + and 2.09×10 -5 cm 2 s -1 for NH4 + ); ΔC is the 176 concentration gradient in μmol cm -3 ; and Δx is the distance between the two 177 points measured in cm. Microelectrodes were constructed with the following 178 ionophores (Sigma-Aldrich, St. Louis, USA) (backfill and calibrating solutions (in 179 mmol l -1 ) indicated in brackets): Na + ionophore X (150 NaCl backfill, 0.15/1.5 180 NaCl calibrations); K + ionophore I, cocktail B (150 KCl backfill, 1.5/15 KCl 181 calibrations); Clionophore I, cocktail A (150 KCl backfill, 0.15/1.5 NaCl 182 8 calibrations); Ca 2+ ionophore I, cocktail A (100 CaCl2 backfill, 0.15/1.5 CaCl2 183 calibrations); H + ionophore I, cocktail B (100 NaCl/100 Na-Citrate pH=6 backfill, 184 1 HEPES, pH=6/7 calibrations); NH4 + ionophore I, cocktail A (100 NH4Cl backfill, 185 0.15/1.5 NH4Cl calibrations). For measurements of Na + , K + and Ca 2+ , the bathing 186 medium was that described above for the inverse Ramsay assay. To avoid 187 interference of competing ions with ionophores employed in SIET, the original 188 recipe had to be modified for the measurement of NH4 + ions (0.1 mM KNO3 and 189 1.7 mM KCl were replaced with N-methyl-D-glucamine chloride to avoid K + 190 interference with NH4 + ionophore) and Clions (1.7 mM KNO3 was replaced with 191 0.85 mM K2SO4 to avoid NO3interference with Clionophore). H + was measured 192 in the medium adapted for NH4 + measurements. The original Ramsay assay that we adapted here uses dissected organs immersed 245 in paraffin oil. Our setup uses whole living adult Orchesella (Fig. 1A) . Because the 246 cuticle on the body of springtails is highly hydrophobic (Gundersen et al., 2017), 247 the animals immerse easily into the oil. They survive the immersion well and 248 stay alive for several hours under oil. After return to the culture they recover 249 fully. Unlike the rest of the body, the cuticle on the eversible vesicles is 250 hydrophilic and represents the only part of the animal that is wettable ( Fig. 1B) . 251
The quantification of fluid absorption by the vesicles is based on measuring the 252 decrease in size of a droplet that is dispensed onto their surface. 253
254
To find out at what rate the eversible vesicles likely absorb water in nature we 255 let them absorb a medium that mimics the composition of ground water 256 (Schouten and van der Brugge, 1989) and which Orchesella is likely to encounter 257 in its natural habitat. A 1 µl droplet of the medium was dispensed onto the 258 everted vesicles of springtails that had been mildly dehydrated (see Materials 259 and methods). Previous studies indicated that the main absorption period after 260 the vesicles come into contact with water is 10-30 minutes (Eisenbeis, 1982) . We 261 monitored the change in size of the droplet after 30 minutes and from the values 262 calculated a rate of fluid uptake 2.55±0.40 nl min -1 (N=8, s.e.m.). All springtails 263 used in this experiment remained alive after they were removed from the oil. As 264 a control, 1 µl droplets of the medium were kept under oil without contact with 265 the springtail; none of the five droplets that we observed changed their size after 266 30 minutes. This demonstrates that the decrease in size detected in the 267 experiment did not take place by diffusional loss of water into the oil. Taken 268 together, the inverse Ramsay assay is a suitable method for precise 269 measurement of the rate of fluid absorption by the eversible vesicles. Animals were restrained for SIET as for the inverse Ramsay assay, but were 275 bathed in medium mimicking ground water instead of paraffin oil. Because of 276 their hydrophobic cuticle the springtails tend to float on the surface of the 277 medium and were restrained with bent minutien pins as shown in Fig. 2A,A') . 278
The springtails remained alive during the recording as they moved occasionally 279 and fully recovered after the experiment. 280
281
We next used SIET to examine, if we could detect the flow of Na + , Cl -, K + , Ca 2+ , 282 NH4 + and H + across the vesicles (Fig. 2B ). All our experimental animals were 283 mildly dehydrated, as in the inverse Ramsay assay. The microelectrode 284 recordings were carried out at several locations around the sphere of one of the 285 everted vesicles from anterior to posterior ( Fig. 2A) . Vesicles remained everted 286 during the whole time of recording, as monitored by a camera on the 287 stereomicroscope that was attached to the SIET rig. Control recordings on two 288 separate preparations of the collophore with retracted vesicles and on a special 289 abdominal appendage called the furca that is used for jumping (Hopkin, 1997) 290 did not detect any measurable Na + flux. In contrast, significant fluxes of all 291 examined ions except Ca 2+ were detected across the vesicles (Fig. 3) . 292 293 Na + and Clions were absorbed by the vesicles of all animals and across all 294 anterior to posterior locations on the vesicles that we examined. Mean values 295
were -104 and -1541 pmol cm -2 s -1 , for Na + and Cl -, respectively (Fig. 3A) . K + ions 296 were taken up by half of the animals, but secreted by others (Fig. 3A) . Both influx 297 and efflux of K + occurred in all anterior to posterior locations on the vesicles, 298
suggesting that unidirectional movement is not regionalized. The magnitude of 299 influx, -83±16 pmol cm -2 s -1 , and efflux, 86±18 pmol cm -2 s -1 , was similar. These 300 results were obtained on animals examined simultaneously and kept under the 301 same condition. The distribution of animals demonstrating the influx or efflux 302 was random within the group. This might reflect as yet unknown endogenous 303 physiological differences in K + homeostasis between the animals. NH4 + ions were 304 12 secreted by all animals at all anterior to posterior locations on the vesicles (Fig.  305   3B) . The values were 56±8.1 pmol cm -2 s -1 . H + ions were secreted in the anterior 306 half of the vesicles (efflux 21±1.8 pmol cm -2 s -1 ) and simultaneously absorbed 307 (influx -7.8±3.6 pmol cm -2 s -1 ) across the posterior half (Fig. 3C ) in all animals. In 308 summary, these experiments demonstrate that the eversible vesicles transport a 309 range of ions and the notably highest fluxes in our experiments were of Cl -. 310 311 Uptake of Clions is lower in fully hydrated springtails 312 313 Next we examined whether the mild dehydrations of our experimental animals 314 had any effect on the ion fluxes. As an example we chose the Clion, for which we 315 recorded the highest flux across the vesicles, and compared the flux between 316 fully hydrated springtails and those that were used in the rest of our 317 experiments. We found that the eversible vesicles of fully hydrated Orchesella 318 still absorbed Clion, but this influx was ~13 times (significantly) lower (Fig. 4) . 319
Thus, mild dehydration of the whole animal leads to more pronounced fluxes of 320 Clacross the eversible vesicles. 321
322
Haemolymph concentrations of Na + , Cland K + indicate that the eversible 323 vesicles transport these ions against the concentration gradient 324 325 Finally, we determined whether the exchange of ions between the eversible 326 vesicles and external medium takes place against the concentration gradient, 327 thus likely by an active transport. We compared the concentrations of Na + , Cl -328 and K + in the haemolymph and in the medium. Haemolymph concentrations 329
were measured using ion-selective microelectrodes and concentrations in the 330 medium were calculated from the recipe. The concentrations of Na + , Cland K + in 331
Orchesella haemolymph were measured previously (Klein et al., 2008) and the 332 values that we obtained for our springtails were 0.86, 1.56 and 0.85 times 333 different, respectively. The concentration of all these three ions in the 334 haemolymph is higher than in the measuring media (Table 1) of insects is about 0.05-13 nl mm -2 min -1 (Philips, 1981) , therefore typically less 373 than half the absorption rate for the eversible vesicles of Orchesella measured in 374 the current study (23.18 nl mm -2 min -1 ). The Ramsay assay was also used to 375 quantify secretion by the "fastest fluid-secreting cell known", the cells in the 376 Malpighian tubules of Rhodnius prolixus (Maddrell, 1991) . After the blood-meal, 377 the secretion rate increases up to 46 nl mm -2 min -1 (expressed per the area of the 378 secretory part) (Bradley, 1983) . Based on these approximate comparisons it 379 appears that the eversible vesicles of Orchesella transport water at a speed 380 approximately half that that seen in the tubules of a blood-feeding hemipteran 381 specifically adapted for rapid fluid secretion. Our SIET data provide support for the function of the eversible vesicles in osmo-404 and ionoregulation. Na + , Cland K + are among the major ions in the haemolymph. 405
These were the most intensively transported ions in our mini screen (Fig. 3A) . 406
We suggest that when the springtail encounters a puddle of water, it uses the 407 eversible vesicles to re-fill ions and maintain internal homeostasis (Fig. 5) . The 408 uptake of Na + , Cland K + likely takes place by an active transport, because their 409 concentrations that we measured in the haemolymph are higher than in the 410 external medium (Table 1 ). The active uptake of Na + , Cland K + then probably 411 osmotically draws water into the cells (Maddrell, 1969) . This may also bring in 412 small organic molecules, such as urea or glycerol (Schreiber and Eisenbeis, 413 1985). 414 415 An observation not anticipated from previous studies was the secretion of NH4 + 416 (Fig. 3B ). This suggests that the eversible vesicles function also in nitrogen 417 (metabolic) waste excretion. Generally, terrestrial insects excrete nitrogen waste 418 as urea or uric acid, and aquatic insects excrete primarily NH3/NH4 + , collectively 419 known as ammonia (O'Donnell and Donini, 2017). While excreting ammonia is 420 energetically advantageous, accumulation of this molecule in tissues is toxic. In 421 aquatic animals, ammonia is carried away by the surrounding water. Perhaps the 422 springtails use the opportunity to release NH4 + into the water puddle while 423 absorbing water (Fig. 5) . 424 425 Finally, we found that the eversible vesicles transport H + ions, although at 426 relatively low levels ( Fig. 3C and discussed above) . This result suggests that the 427 epithelium might also function in regulation of acid-base homeostasis (pH), 428 similar to the anal papillae of mosquito larvae (Donini and O'Donnell, 2005). We 429 showed that H + is secreted in the anterior and, at a lower magnitude of flux, 430 taken up in the posterior. The difference in direction of the flux suggests that 431 there is a functional specialization between the anterior and posterior part of the 432 vesicles. It is worth noting that H + -selective microelectrode will detect transport 433 of any ion that can buffer protons, such as HCO3 -. Thus, the detected regional 434 heterogeneity of H + transport may indicate transport of different ions. It is also 435 16 worth noting that the anterior half of the collophore and the vesicles contain the 436 ventral groove (linea ventralis). This groove in the cuticle extends from the labial 437 glands in the head and contains the products of the glands, called the urine 438 (Hoffmann, 1905; Verhoef et al., 1979 Verhoef et al., , 1983 . Possibly, the urine in the anterior 439 of the vesicles influences H + concentrations. Malpighian tubules (secretory epithelium) together with the hindgut (absorptive 458 epithelium) make the "functional kidney". While the springtails excrete nitrogen 459 waste by accumulating it in the midgut epithelium that is removed at each moult 460 (springtails continue moulting as adults) (Humbert, 1974 (Humbert, , 1978 , clues exist that 461 the labial glands and the eversible vesicles form the "kidney" (Verhoef et al., 462 1979 (Verhoef et al., 462 , 1983 . Whether the secretion from the labial glands is re-absorbed at the 463 eversible vesicles (Verhoef et al., 1983) or what actually occurs is unclear. This 464 will be the subject of future research. 465 The springtails kept at optimal humid conditions ("wet") show significantly 720 lower uptake of Clby their eversible vesicles compared to animals previously 721 exposed to mild dehydration ("dry"). The data for mildly dehydrated animals are 722 from The springtails kept at optimal humid conditions ("wet") show significantly 801 lower uptake of Clby their eversible vesicles compared to animals previously 802 exposed to mild dehydration ("dry"). The data for mildly dehydrated animals are 803 from 
